Saccharomyces cerevisiae Smt3 was the first SUMO ortholog to be identified (Meluh and Koshland, 1995) . Smt3 modification appears critical for septin ring formation, chromosomal segregation, and progression of the cell cycle through G 2 
and Siz2, that enhance E2-mediated sumoylation of the 573-576, residues observed in helical conformation in the first crystal form. The structure has been refined to septins (Johnson and Table  1 ; see Experimental Procedures). sequence and have been assigned the SP-ring acronym, for Siz-PIAS-ring finger motifs (Hochstrasser, 2001 ). The identified SP-ring factors do not alter Ubc9 specificity, Structures of Ubc9 E2 and RanGAP1 suggesting that these E3s regulate SUMO conjugation A structure for human Ubc9 has been described (Tong by increasing affinity between Ubc9 and substrate. et al., 1997). We also crystallized and determined the Most SUMO-modified proteins contain the tetrapepstructure for human Ubc9 at 2.0 Å by molecular replacetide motif ⌿-K-x-D/E where ⌿ is a hydrophobic residue, ment. This model was used to dock Ubc9 into the experi-K is the lysine conjugated to SUMO, x is any amino acid, mental RanGAP1-Ubc9 electron density prior to refineand D or E is an acidic residue. The observed consensus ment and manual rebuilding. Ubc9 and other ubiquitin motif within SUMO conjugation targets is unique since E2 family members encode a similar fold and active site similar consensus sequences have not been uncovered cysteine. Briefly, most E2 enzymes contain an N-terin ubiquitin conjugation pathways. Substrate specificity minal ␣ helix followed by a five-to seven-stranded ␤ appears to be derived directly from Ubc9 and the resheet, the loop containing the catalytic cysteine, folspective substrate motif since no other cofactors are lowed by three C-terminal ␣ helices (Figures 2A and needed in vitro to observe Ubc9 catalytic specificity. 2B). Ubc9 does not undergo significant conformational Structural data has not been available for any ubiquitin changes in complex with RanGAP1 (0.69 Å 2 root mean or SUMO conjugating enzyme-substrate complex, highsquare deviation [rmsd] over amino acids 3-158 to unlighting a significant gap in our understanding for ubiquicomplexed Ubc9). The largest differences observed octin and ubiquitin-like modifier transfer from E2 or E3 cur in helix C, a region in direct contact with RanGAP1. enzymes to a substrate lysine. To determine the molecuThe C-terminal domain of mammalian RanGAP1 has lar basis for E2-dependent transfer mechanisms and not been previously reported, although the structure to elaborate interactions utilized by Ubc9 for substrate for the S. pombe RanGAP1 N-terminal domain has recognition and catalytic activity, we have structurally been solved (Hillig et al., 1999). Vertebrate and fungal characterized a complex between Ubc9, the SUMO conRanGAP1 proteins share roughly 35% sequence identity jugating enzyme, and RanGAP1. Structure-based mutain their N-terminal domain, but differ because yeast genesis of the Ubc9-RanGAP1 interface combined with RanGAP1 orthologs do not contain the C-terminal doassays for p53, IB␣, and RanGAP1 SUMO conjugation main that is sumoylated and required for RanGAP1 localhave enabled Ubc9-substrate interactions to be generalization at the vertebrate nuclear pore complex. ized, highlighting a critical and central role for the SUMO The RanGAP1(420-589)p structure reveals a domain motif in Ubc9-mediated conjugation.
composed almost entirely of helical substructures with one noted exception, the peptide containing the lysine required for SUMO conjugation. The SUMO consensus Results and Discussion motif is observed in extended conformation between helices F and G ( Figure 2C) . A structural homology Structure Determination of the Ubc9-RanGAP1 search calculated with DALI (Holm and Sander, 1993) Complex revealed similarities to ‫001ف‬ amino acid helical-repeat Human Ubc9 and a C-terminal fragment of mouse domains sharing 6%-12% sequence identity to RanGAP1(420-589)p were purified to isolate a complex RanGAP1 from proteins such as clathrin assembly previously characterized as a minimal functional domain lymphoid myeloid leukemia protein, the h-ras fragment for E2-SUMO conjugation (Sampson et al., 2001 ). Sele-(p21) of son of sevenless-1, protein phosphatase pp2a, nomethionine-substituted protein was isolated, crystalkaryopherin ␤-1, and pumilio, among many others. None lized, and used in a 3 wavelength MAD experiment to share sequence or structural homology with the Ranobtain phases (Hendrickson, 1991) . A single complex GAP1 SUMO motif, indicating architectural rather than crystallized per asymmetric unit (ASU) (83% solvent confunctional significance to these similarities. PFAM and tent). This facilitated density modification and produced PSI-Blast, programs that rely heavily on sequence interpretable electron density (Table 1; see Experimental search algorithms, did not uncover these relationships. Procedures).
A model for Ubc9 and RanGAP1 was built and refined to 2.8 Å to an R factor and R free of 0.30 and 0.36, respecStructure of the RanGAP1-Ubc9 Complex Elucidation of the Ubc9-RanGAP1 complex revealed tively. A second crystal form was identified in the interim that diffracted anisotropic X-rays to 2.3 Å . The model several critical interactions between Ubc9 and RanGAP1 that included the molecular basis for Ubc9 recognition was used in molecular replacement calculations with the second data set (two complexes per ASU) and refined to of the RanGAP1 ⌿-K-x-D/E consensus motif. Although continuous, the interface between RanGAP1 and Ubc9 2.5 Å . The second crystal form contained an intercomplex disulfide bridge between Ubc9 Cys138 and can be most simply described in two parts. The first includes interactions between RanGAP1 helices H and RanGAP1 Cys575 (from complex 1 to 2 and 2 to 1). These bonds did not affect changes in Ubc9 or the F and Ubc9 surfaces emanating mainly from helix C. The second part includes interactions between the coninterface between Ubc9 and RanGAP1, although it did result in structural perturbations for RanGAP1 residues sensus RanGAP1 sumoylation motif (-LKSE-) and Ubc9 surfaces that include the catalytic cysteine, strands 6 surface area (1.4 Å probe radius), accounting for ‫%9ف‬ of the total area calculated for the two molecules alone and 7, and the loop preceding helix C (Figures 2, 3 , and 4).
(Nicholls et al., 1991). The RanGAP1 SUMO consensus motif is extruded from the helical domain, enabling simThe complex buries roughly 1500 Å 2 of total accessible ple calculation of accessible surface area buried by the SUMO motif. Leu525 to Glu528 was deleted from RanGAP1, and 460 Å 2 of buried accessible surface area was lost. The calculation was repeated for Ubc9 and the tetrapeptide motif, resulting in 550 Å 2 of buried accessible surface area, roughly one-third of the total. A detailed description of these interactions follows.
Ubc9 Recognition of the SUMO Consensus Motif
Almost all sumoylated proteins contain the tetrapeptide motif ⌿-K-x-D/E, where ⌿ is a hydrophobic residue, K is the lysine to which SUMO is conjugated, x is any amino acid, and D or E is an acidic residue. The RanGAP1 consensus peptide (525-528) is observed in extended ␤-like conformation, although hydrogen bonding patterns to the peptide main chain do not support this configuration directly. The motif begins with the hydrophobic residue ⌿ (Leu525 in RanGAP1). Leu525 side chain atoms are observed in VDW contact with atoms from Ubc9 residues Pro128, Ala129, Gln130, and Ala131. These interactions are not extensive since this Ubc9 surface is flat, indicating that hydrophobic residues at the ⌿ position do not fit lock-and-key into a conserved pocket (Figure 4) . Rather, sequence conservation at position 1 likely arises from exclusion of hydrophilic resi- (B) Structure-based sequence alignment for human Ubc9, zebra fish Ubc9, hamster Ubc9, Drosophila Ubc9, and S. cerevisiae Ubc9 and sequences for human Ubc1, Ubc2, Ubc3, UbcH5b, Ubc7, and UbcH10. Sequence identity is in blue shading, similarity is in yellow shading. Red and black dots over sequence indicate Cys93 and mutants, respectively. Numbering is for human Ubc9. Ubc9 secondary structure is indicated by arrows (strands numbered) and bars (helices lettered), as in (A). (C) Ribbon diagram and secondary structure assignment for the C-terminal domain of RanGAP1. SUMO motif residues Leu525, Lys526, and Glu528 are in solid bonds.
The second residue of the motif is lysine, the strictly Side chains at the third consensus motif position are not conserved. The extended conformation of the pepconserved amino acid that serves as the acceptor for SUMO and as the nucleophile during attack at the Ubc9-tide directs this amino acid side chain away from the surface of Ubc9. Although sequence conservation at SUMO thioester. Lys526 is observed in a shallow groove created by backbone atoms from Ubc9 residues the third position is low, a space between the lysine at position 2 and the acidic residue at position 4 would be Asp127, Pro128, and Ala129 and side chain atoms from Ubc9 Asp127 and Tyr87 (Figures 4 and 5) . The groove required, serving to saddle the consensus peptide over Tyr87 through VDW interactions between Ser527 main is mainly hydrophobic, comprised largely by interactions between aliphatic Lys526 side chain atoms and the chain atoms and side chain atoms from Tyr87. The fourth position in the motif is almost always an Tyr87 aromatic ring. Asp127 and RanGAP1 Lys526 are within 2.7 Å hydrogen bonding distance, suggesting a acidic glutamate side chain, although some identified sites contain Asp or Asn, and more rarely, Pro. RanGAP1 catalytic role for Asp127 in Lys526 coordination during attack at the SUMO-Ubc9 thioester. The Lys526 N⑀ atom Glu528 is observed within hydrogen bonding distance of Ser89 (2.5 Å ), Thr91 (3.0 Å ), and more distantly with is also 2.6 Å away from an ordered water molecule and 3.5 Å away from the S␥ atom of the Ubc9 Cys93.
Lys74 (3.6 Å ) (Figure 4) . Hydrophobic VDW interactions are observed between Tyr87 and the aliphatic chain a general base or an environment that could specifically abstract a proton from the acceptor lysine. The Ubc9-of Glu528, interactions that could partially explain the preference for the longer glutamic acid side chain at SUMO thioester is extremely labile under physiological conditions, suggesting a suitably unstable bond that this position. Amino acids immediately preceding and following the motif are not in contact with Ubc9, sugcould facilitate direct transfer to the weakly nucleophilic lysine, if properly positioned, without involvement of gesting that the ⌿-K-x-D/E motif is sufficient for Ubc9 modification. Structure and sequence-based mutageneother catalytic residues, thus resulting in the relatively stable isopeptide bond between the modifier and acsis used to test these observations will be discussed below.
ceptor lysine. RanGAP1 Lys526, the nucleophile and acceptor for SUMO, is within hydrogen bonding distance of Cys93, Implications for SUMO and Ubiquitin Transfer The active site observed in Ubc9 shares many similarithe catalytic Ubc9 cysteine, indicating that Lys526 is in an appropriate configuration to attack the E2-Ub/Ubl ties with those observed in other E2-conjugating enzymes and could thus serve as a model for other E2-thioester during conjugation. Several residues near Cys93, such as Asp127, Asn85, and Tyr87, contain funcsubstrate interactions. A commonly invoked mechanism for Ub/Ubl conjugation involves a general base that actitional groups consistent with catalytic function. Several of these residues have been mutated (see below), and vates the nucleophilic acceptor lysine for ubiquitin and SUMO transfer. Residues surrounding the Ubc9 catanone completely block activity, indicating nonessential catalytic roles for most of these side chains. Conserved lytic cysteine and RanGAP1 acceptor lysine, while coordinating the orientation of these residues, do not provide side chains in E2 alignments mostly occur in the hy- 6A, 7C, and 7D ). al., 2001). Results from that study combined with further structure-based mutagenesis from this study reveal mu-L524A disrupts sumoylation, and although Leu524 does not interact with Ubc9 directly, it likely anchors tations in the sumoylation motif and in helix H that dramatically disrupt sumoylation. RanGAP1 mutations with the RanGAP1 consensus motif (525-528) within its hydrophobic core, thus stabilizing the conformation of the no observable defects in conjugation included residues in helix F, residues stabilizing the conformation of the SUMO motif. L525A probably disrupts hydrophobic 
endogenous SUMO-conjugating enzymes (Sampson et SUMO motif, and several residues in helix H (Figures

VDW interactions between Ubc9 and RanGAP1, aldesign 19 mutations covering Ubc9 surfaces that included most of the Ubc9 catalytic and binding motifs. though alanine has been observed at this position in at least two confirmed SUMO targets (Melchior, 2000).
Mutants were expressed, purified, and assayed in SUMO conjugation assays over several time points with K526A and K526R both disrupt sumoylation by removal of the acceptor lysine, although K526R still exhibited the C-terminal domain of RanGAP1 ( Figures 2B, 6B , and 7B; see Experimental Procedures). wild-type binding affinities for Ubc9. E528A mutation also disrupts SUMO transfer, and as explained preMutation of the active site cysteine (C93S) diminished conjugation to an undetectable level, likely through disviously, the glutamic acid makes VDW contacts with Tyr87 and is within hydrogen bonding distance to Ubc9 ruption of E1-E2 SUMO transfer. Although some serine substituted E2s function in E1 modifier transfer, we have Lys74, Ser89, and Thr91. These mutations reveal an essential role for the consensus motif during Ubc9-determined that C93S mutation blocks efficient SUMO transfer between E1 and Ubc9 at physiological pH (data mediated conjugation.
F564A and K567A reveal critical interactions between not shown). Ubc9 mutants such as Q139A and S89AT91A exhibited nearly wild-type activity in RanGAP1 conjugaRanGAP1 and Ubc9 that are distant from direct interactions with the consensus SUMO motif and indicate tion assays. Gln139 is located at the periphery of the interface (light blue in Figure 7B ). The S89AT91A mutant RanGAP1 adaptations to increase Ubc9 interaction (Figure 4C) . F564A is predicted to disrupt hydrophobic interwas more active than either S89A or T91A alone, suggesting the formation of a less restrictive hydrogenactions between Phe564 (helix H) and Ubc9 Ala131 and Tyr134 (helix C). K567A would disrupt interactions bebonding network that could enable other productive binding configurations. tween the Lys567 N⑀ atom and the backbone carbonyl oxygen of Ubc9 Gln126 (3.4 Å ), as well as VDW interacSeveral Ubc9 mutants did not exhibit wild-type rates for accumulation of sumoylated substrate but were suffitions with Pro128 and Tyr134. These mutations, combined with the structural analysis, reveal a large interface cient for conjugation within the time course (blue in utilized in RanGAP1-Ubc9 interaction, suggesting that Figure 7B ). Glu98 and Asp100 are located on the loop RanGAP1 has developed additional binding surfaces for between strand 7 and helix B and are in a position to Ubc9 that may substitute directly for an E3-like cofactor.
interact with substrates approaching the active site. Lys74, Ser89, and Thr91 interact with RanGAP1 Glu528 of the consensus motif, and Y134F, T135A, and T135L
Functional Characterization of Ubc9
To assess Ubc9-substrate recognition, interactions obare all located between Ubc9 helix C and RanGAP1 helix H ( Figure 4C ). served in the Ubc9-RanGAP1 complex were used to Two mutations, Y87F and D127A, were designed to observed for Y87F and D127A suggest they are not essential catalytic residues for RanGAP1 conjugation. assess catalytic roles for the tyrosine hydroxyl or aspartic acid carboxylate. Y87F would eliminate the tySeveral mutations exhibited detrimental effects on RanGAP1 SUMO conjugation (pink in Figure 7B ). E132A rosine hydroxyl while preserving the hydrophobic aromatic contacts observed between Tyr87 and RanGAP1 and Y134A likely disrupt interactions between helix C and RanGAP1 helices H and F ( Figure 4C) . Mutation of Lys526, Ser527, and Glu528. Asp127 is in direct contact with Lys526 through a hydrogen bonding or salt-bridgPro128, Ala129, and Ala131 also diminish SUMO conjugation of RanGAP1. These residues are all located in ing interaction, potentially coordinating the lysine for attack at the thioester adduct (Figure 4) . The activities the loop preceding helix C that directly interacts with RanGAP1 residues Leu525 and Lys526. Pro128 is conin this region have little to no effect on SUMO conjugation of IB␣ and p53, suggesting that IB␣ and p53 served throughout the E2 family and is likely required at this position for its unique structural attributes ( lar to that observed in the Ubc9-RanGAP1 complex. Analysis of SUMO conjugation reactions for p53, RanGAP1, and IB␣ reveals more similarities than differences among these substrates with respect to individual Conclusions We have presented the crystal structure and biochemiUbc9 mutations, although conjugation reactions containing IB␣ and p53 more closely resemble each other cal analysis of a complex between Ubc9 and the C-terminal domain of RanGAP1, the first E2-substrate when compared to RanGAP1. Taken together, these results indicate a central role for Ubc9 recognition of the complex observed at atomic resolution. Analysis of the RanGAP1 C-terminal domain reveals structural similarity SUMO ⌿-K-x-D/E motif in Ubc9-substrate interactions. They also suggest that Ubc9 does not discriminate sigto proteins with helical repeat motifs, although the functional significance of these relationships with respect nificantly among internal, N-terminal, or C-terminal consensus sites within respective targets. Interestingly, to SUMO conjugation is limited since none contain a consensus SUMO motif. Analysis of the complex resome Ubc9 mutants that exhibited activity in RanGAP1 assays were almost completely defective in p53 and vealed extensive RanGAP1 interactions with Ubc9 surfaces outside the consensus motif, an adaptation that IB␣ conjugation, and others that reduced catalytic activity in RanGAP1 conjugation did not affect conjugation likely results in increased binding and more effective SUMO transfer as compared to other known substrates. to p53 or IB␣ (Figures 6B-6D) .
Several Ubc9 mutations elicit wild-type activity in The structure revealed key determinants for Ubc9 recognition of the ⌿-K-x-D/E consensus sumoylation motif assays with p53 or IB␣ (blue in Figures 7F and 7G) , and some mutations apparently enhance the process that is observed within all known SUMO-modified proteins. Shallow grooves, complementary electrostatic, (E98A and D100A, green in Figure 7F mutations that fully disrupt p53 and IB␣ sumoylation exhibit activity against RanGAP1, suggesting that
